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The Sustainable Ecological Aquaculture Network (SEANET) at the University of Maine 
is taking an interdisciplinary approach to examine many aspects of marine aquaculture. My role 
on this team has been to focus on economic concerns related to aquaculture production. The 
main topics addressed here include price interactions between foreign and domestically produced 
aquaculture products, as well as production efficiency in New England’s oyster aquaculture 
industry.  
We chose to use catfish as a model species in order to assess the role that the price of 
foreign aquaculture products have on similar domestic products. There are a several reasons for 
this choice, including the availability of long-term price data, and the fact that this industry has 
been well studied by agricultural economists. The catfish industry has also recently undergone 
substantial changes, in the form of an influx of inexpensive catfish products from Vietnam, and 
subsequent enforcement of anti-dumping duties by the U.S. on these products. Cointegration 
tests were used to confirm that there was a long term price relationship between domestic and 
imported catfish products, which has endured despite the anti-dumping tariffs. Further 
  
 
 
 
 
investigation revealed that Vietnamese prices no longer significantly impact domestic prices, 
while prices from other catfish exporting countries still influence the price received by domestic 
catfish producers and processors. This suggests that, while targeted tariffs may be effective in 
eliminating price relationships between specific products, these measures are likely not enough 
to ensure the long-run competitiveness of domestic aquaculture industries. The methodology 
presented in this paper could be used to study any aquaculture product, and this type of analysis 
will become increasingly important as aquaculture expands both in New England and globally. 
The next section focuses on oyster aquaculture, which is a widespread practice in coastal 
New England. Oyster production generates millions of dollars in annual revenue for coastal 
communities in this area (Lapointe, 2013). yet this industry has received relatively little attention 
from economists. We perform the first evaluation of production efficiency among oyster 
producers in the United States. Production information was collected from oyster growers using 
a mixed-mode survey instrument. Stochastic frontier models indicate that there is significant 
potential to productivity in this industry by reducing inefficiency. However, production 
efficiency does appear to be increasing annually in this relatively young industry. Further 
analysis reveals several factors that significantly contribute to inefficiency in oyster production. 
Findings also suggests that bottom planting, a relatively simple production method, is more 
efficient as compared to more capital intensive methods. This information could help governance 
bodies and outreach specialists to make more informed decisions regarding oyster aquaculture. 
Examining the production side of aquaculture through an economic lens has led to some 
important findings. We have contributed to the understanding of price interactions among 
aquaculture products, as well as determinants of efficiency in aquaculture production. Most 
  
 
 
 
 
importantly, this research has paved the way for future work in this area, which will improve our 
understanding of the supply of aquaculture products in New England and on a global scale.
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CHAPTER 1 
CONSIDERING AQUACULTURE FROM THE PRODUCER’S PERSPECTIVE 
 
Aquaculture is a rapidly expanding industry which has become an increasingly important 
food source for the world’s population. In fact, aquaculture now provides half of the fish that is 
consumed by humans (FAO, 2016). As this industry continues to grow, it will become an even 
more important facet of the global economy. Aquaculture generates billions in annual revenue, 
significantly impacting the economies of the coastal communities that are home to these 
operations (FAO, 2016). Thus it is essential that research efforts are devoted to understanding the 
factors which influence the price and availability of these products.  
Many domestic aquaculture producers face competition from similar foreign products, 
though the precise impacts of this competition is often unknown. Studying these price 
relationships is especially important in cases where foreign producers are able to sell their 
products at lower prices, because they face lower production costs or use more efficient 
production practices. The case of the U.S. catfish market provides the perfect opportunity to 
investigate the price interactions between domestic and foreign products. We take advantage of 
price data from this market to develop a procedure for examining such price interactions. We 
also use this procedure as a tool for assessing the impact and effectiveness of targeted tariffs. 
Most importantly, this procedure can be adapted to evaluate price interactions within any 
aquaculture market. If long-term price data were to become available for aquaculture products 
produced in Maine or the greater New England area, the techniques developed here could be 
easily applied to provide valuable information about the impacts that foreign products may be 
having on the prices of these local products. This will be the topic of discussion in Chapter 2. 
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 It is also important to investigate the production process for aquaculture products. Many 
aquaculture operations in the United States are relatively new, since this is an industry is just 
beginning to attract interest from both producers and consumers. As a result, most of these 
industries have received little or no attention from the field of economics to date. However, it is 
imperative to evaluate these industries in order to better understand their production processes 
and the factors associated with efficiency and successful practices. Specifically, productivity 
analysis can help reveal the relative efficiency associated with specific production methods, as 
well as industry-wide productive efficiency. This knowledge will allow individual growers to 
assess their own operations and growing techniques, and will also enable policymakers and 
outreach specialists to provide appropriate resources to ensure continued success of aquaculture 
operations in their areas. 
One industry that is becoming increasingly important in coastal New England is shellfish 
production, which directly contributes an estimated $45-50 million to the economies of coastal 
communities on an annual basis (Lapointe, 2013). Oyster production accounts for the majority of 
this value, and the number of growers raising oysters has increased substantially over the last 
decade (Augusto & Holmes, 2013). However, the oyster production process in this region has yet 
to be studied by economists. We perform the first analysis of productive efficiency for this 
industry. As far as we are aware, our efforts represent the first such examination of oyster 
production in the United States. We reveal some important information about role that 
inefficiency plays in oyster production, the factors which significantly influence inefficiency in 
this industry, and the relative efficiency of different oyster production methods. This analysis is 
the topic of the third chapter of this work.  
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Examining the factors that influence the price and supply of aquaculture products is an 
important subject, as this introductory discussion has made clear. The following analysis will 
focus on this aspect of aquaculture, in order to reveal some important findings regarding market 
interactions among and the production of aquaculture products. Although we consider two 
specific products, the methods utilized in this work could be easily adapted to evaluate other 
aquaculture products, given the availability of suitable price or production data. Thus the 
findings and techniques presented here have important implications for understanding 
aquaculture on a regional as well as a global scale.   
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CHAPTER 2 
ASSESSING PRICE INTEGRATION AND TRADE POLICY IN THE U.S. CATFISH 
MARKET 
 2.1. Abstract 
In 2003, the United States adopted anti-dumping tariffs for Vietnamese catfish products 
entering the country. This study examines how these tariffs have impacted the price relationship 
between domestically produced and imported catfish products. Cointegration tests confirm a 
long-run price relationship between domestic and imported catfish, which has persisted despite 
the anti-dumping tariffs. However, imports are composed of catfish from Vietnam and other 
countries, with only the former subjected to tariffs. Results from vector error correction models 
suggest that Vietnamese catfish prices do not significantly influence domestic prices. 
Conversely, the price of catfish from countries other than Vietnam continues to impact prices 
received by domestic catfish farmers and processors. The domestic catfish industry is still 
affected by lower priced imports from countries other than Vietnam, although some of these may 
be transshipments that truly originate in Vietnam. This research methodology could be adapted 
to investigate trade and price interactions among other aquacultured species, which will become 
increasingly important as global aquaculture expands.  
 
2.2. Introduction 
Aquaculture has become an increasingly important food source for the global population, 
with the FAO estimating that aquaculture now provides half of the fish that is consumed by 
humans (FAO, 2016). The production of channel catfish (Ictalurus punctatus) represents the 
largest sector of the aquaculture industry in the United States, accounting for over 51% of total 
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food fish sales (NASS, 2014). Of this production, the vast majority is purchased by processors 
and then sold in the form of boneless fillets (Hanson & Sites, 2015). U.S. farm-raised catfish 
ranks eighth on the list of fish and seafood most commonly consumed by Americans, with per 
capita consumption of 0.56 pounds per year (Hanson & Sites, 2015). However, the U.S. catfish 
industry has exhibited a general decline since reaching its high point in 2003. In fact, the 334 
million pounds of catfish produced in 2014 represents a 54% decrease from 2003 peak 
production levels (Hanson & Sites, 2015). The last several years have witnessed slow growth in 
domestic catfish production, perhaps signifying a change in this trend. 
Meanwhile, U.S. markets have experienced a rapid increase in imports of frozen catfish 
fillets over the past decade. Many supporters of the U.S. catfish industry point to these foreign 
imports as a major cause of the domestic industry’s decline (Martin, 2016). Foreign catfish 
imports have gone from representing only 20% of the U.S. market for frozen catfish fillets in 
2005, to comprising 80% of the market share in 2014 (Hanson & Sites, 2015). These imports 
generally consist of a type of catfish belonging to Pangasius, a different genus than that of the 
channel catfish. Both species belong to the same order, Siluriformes. The vast majority of these 
imported Pangasius fillets originate in Vietnam, and conflicts have arisen in recent years 
regarding the labeling and pricing of these products (Brambilla, Porto, & Tarozzi, 2012). Figure 
2.1 shows the sales of domestic and foreign catfish fillet products from 1986 – February 2013. 
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Figure 2.1. Catfish Sales in U.S. Markets 
 
 
Efforts have been made to differentiate domestic catfish products from those produced in 
other nations. In fact, in October of 2001 the House of Representatives adopted a bill (H.R. 
2964) that stated that only catfish belonging to the family Ictaluridae (American catfish) could 
be labeled as catfish in the U.S. However, this did not lead to a significant increase in price or 
sales of domestic catfish, likely because most Vietnamese catfish was being sold to wholesale 
distributors and restaurants rather than directly consumers (Brambilla et al., 2012). In many 
cases, these products were marketed as simply “fish” rather than using the term catfish. 
The Catfish Farmers of America (CFA) filed a dumping lawsuit against Vietnam 
regarding Pangasius imports in June 2002 (Martin, 2016). Anti-dumping provisions exist in 
order to prevent economic harm to a domestic industry resulting from unfair business practices in 
an exporting country. The U.S. Department of Commerce (DoC) investigated the issue, and 
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found that economic harm had been done to the domestic catfish industry by Vietnamese 
importers. Further, the U.S. International Trade Commission (ITC) found that several, but not 
all, Vietnamese Pangasius producers were guilty of selling their products below fair market 
price. Thus in January 2003, the DoC ruled in favor of U.S. catfish producers, and in July of that 
year the ITC applied anti-dumping import duties equivalent to a dumping margin of 37-64% to 
Vietnamese processors found to be guilty of dumping (Martin, 2016). These duties were assessed 
on a case-by-case basis, with duties being assigned based on the extent of dumping found. There 
has been some debate as to the efficacy of these measures, as attempts at circumventing the 
import duties have been discovered. Such activities include intentional mislabeling of Pangasius, 
as well as transshipment of products from Vietnam to other countries for import to the U.S. 
(Shames, 2009). These tariffs were subject to a “sunset” review after 5 years, and in June 2009 
the ITC renewed the antidumping duties for some Vietnamese Pangasius processors, concluding 
that a revocation would likely lead to further dumping activities by these parties (Martin, 2016). 
Those that were found to have ceased selling their products below fair market price had their 
tariffs removed following the review process. Some of these tariffs were renewed once again in 
2014, and remain in effect. 
 The purpose of the current work is to examine the price relationship between 
domestically produced catfish fillets and Pangasius imported from Vietnam. The analysis will 
also assess the impact that the 2003 anti-dumping tariffs enacted by the U.S. have had on this 
price relationship. It is important to mention that the catfish labeling laws went into effect around 
the same time as these tariffs, so differences in price relationships between these periods could 
also attributed to this legislative change. Because of both of these rulings occurred within a short 
time of one another, it would be very difficult to to disentangle these two effects. This research 
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also does not address revenues generated from catfish sales, or the market share of the domestic 
catfish industry. We do not evaluate the competitiveness of domestic catfish production with 
respect to foreign producers, as several previous studies have focused on this issue. Rather, we 
chose to employ time-series techniques to examine of the price relationship of domestic and 
imported catfish products both before and after 2003 trade restrictions were put into place. The 
impact that these anti-dumping duties have had on the volume of domestic and foreign catfish 
products sold in the market is beyond the scope of this analysis. 
Determining the competitiveness of the U.S. catfish industry and the impact of imports 
on domestic prices have become important issues in the last few decades. Quagrainie & Engle 
(2002) found evidence that the price of domestic catfish fillets plays a significant role in 
determining the price of imported Pangasius. Quagraine (2006) used a flexible logistic model to 
forecast the market share for domestically produced frozen catfish fillets. This research suggests 
that the relatively high price of domestic fillets (compared to imported fillets) have and will 
continue to diminish the market share for U.S. products 
 Several studies have considered the effects of the anti-dumping tariffs on Pangasius 
from Vietnam. Kinnucan (2003) employed an equilibrium displacement model to assess the 
potential impacts of an import tariff aimed at Vietnamese Pangasius imports, which at that time 
was still pending. His findings suggested that the benefit to domestic catfish prices would be 
minimal, and that Vietnamese Pangasius producers would bear most of the cost of the tariff. The 
work also suggested that other foreign suppliers would benefit from the targeted tariffs. 
Muhammad et al. (2010) suggested that import tariffs on Vietnamese Pangasius would increase 
prices received for domestic catfish, and would therefore provide a benefit for the U.S. catfish 
industry. Nguyen (2010) used market equilibrium models to investigate the impact that U.S. anti-
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dumping measures and labeling laws have had on prices and trade flows in the global catfish 
market. This analysis concluded that the tariffs have had the effect of lowering Vietnamese 
export price and raising the price of U.S. produced catfish. Singh & Dey (2011) assert that U.S. 
catfish production has declined in competitiveness as compared to other catfish producing 
nations that import their products into the United States. They also contend that the 2003 tariffs 
on Vietnamese Pangasius imports to the U.S. have not benefitted domestic producers, but rather 
have led to increased profits for producers in more competitive countries that are not subject to 
tariffs such as China and Thailand.  
Previous work has shown that the prices of domestic and imported catfish fillets were 
integrated before the establishment of import tariffs on Vietnamese Pangasius products in 2003 
(Quagrainie & Engle, 2002). However, market integration of these products has not been 
investigated since the anti-dumping determination. This study adds to the current body of work 
by re-examining and updating the relationship between domestic and imported catfish fillets with 
more recent data and investigating the impact of the 2003 anti-dumping determination.  
 
 
2.3. Data and Methodology 
The data sources that are utilized for this study include the United States Department of 
Agriculture Economic Research Service’s catfish data tables (USDA, 2016). These consist of 
monthly totals of the quantity of catfish sold to processors by domestic producers, the average 
price received by producers from processors, the quantity of catfish sold by processors, and the 
average price received by processors. These monthly observations span from January 1986 to 
February 2013. Information on catfish imports was obtained from the National Marine Fisheries 
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Service Fisheries Statistics and Economics Division (NMFS, 2016). This dataset consists of 
monthly totals for the quantity of catfish imported into the U.S. as well as the value of these 
imports. The prices used here represent the free on board (FOB) price of the product, that is the 
price that is actually paid for the product when sold for exportation. This price does not include 
U.S. import duties, freight, insurance or any other charges incurred through bringing 
merchandise to the United States. These data were also collected for the timeframe specified 
earlier. Figure 2.2 depicts all of the price series utilized in this analysis.  
 
 
Figure 2.2. Catfish Prices in U.S. Markets 
 
The goal of this study is to examine whether the recently enacted anti-dumping measures 
by the U.S. on Vietnamese Pangasius products have significantly impacted the long-run price 
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relationship between domestically produced and imported catfish. In order to accomplish this, we 
have chosen to adopt cointegration testing techniques to examine the market integration of 
catfish products originating from different areas, and thus the efficiency of the global catfish 
market. The economic rationale for employing this methodology is that prices for agricultural 
goods, which tend to be non-stationary over time, can still exhibit some sort of long-run price 
relationship over time if they compete in the same market. We employ the cointegration 
techniques outlined by Johansen (1991,1995) to examine whether a long-term price relationship 
exists between domestically produced and imported catfish fillets in U.S. markets.  
Before a determination is made as to whether two price series are cointegrated, the 
stationarity of each series must first be assessed. The Augmented Dickey-Fuller (ADF) test 
(Dickey & Fuller 1979) is used to determine the order of integration of each price series 
considered in this analysis. Next cointegration tests are conducted following the methods 
outlined by Johansen & Juselius (1990) and Johansen (1991, 1995). This technique allows us to 
determine whether there is a long-term relationship among the included catfish price series, as 
well as to estimate an equation to describe this relationship. Finally, we produce vector error 
correction models using the methods of Johansen (1995). These models allow us to determine 
which catfish price variables significantly adjust to disequilibrium in the cointegrated system, 
and which are weakly exogenous (Engle et al. 1983).  
Limitations to the cointegration methodology have been identified by several authors. 
McNew and Fackler (1997) used a series of Monte Carlo simulations to show that prices in a 
well-integrated and efficient market do not necessarily exhibit cointegration. Their analysis 
provides some evidence that large or non-stationary transportation costs can lead to a lack of 
cointegration between markets that are indeed integrated. They also argue that cointegration can 
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exist when non-integrated markets face similar exogenous shocks, and that in this case the 
presence of cointegration does not imply market integration. Barrett and Li (2003) also point out 
the limitations of cointegration testing, and provide an alternate method to assess the integration 
of spatial markets. However, cointegration continues to be widely applied in the field of 
agricultural economics, despite the existence of some limitations. 
Many previous studies have used time-series techniques to examine the relationship 
between the prices of various agricultural and seafood products, including aquacultured products 
(see Asche et al. 2012; Asche et al. 1999; Asche et al., 2004; Goodwin et al. 1999; Nielsen et al. 
2007 and Quagrainie & Engle, 2002 among many others). Specifically, these authors have 
applied cointegration analysis to investigate potential price relationships between different 
products. These techniques have been used to analyze markets for world salmon, whitefish in 
France, shrimp in the U.S., trout in Germany, and even catfish in the U.S. in the early 2000s. The 
goal of these studies has generally been to determine whether these products are part of the same 
market, and thus are subject to the Law of One Price (LOP). While ordinary regression analysis 
can be used to investigate price relationships among products with stationary prices, most 
seafood prices are found to be non-stationary, and thus cointegration analysis is the correct 
econometric tool to examine these relationships. This time-series technique can also be very 
adaptable, allowing for tests of integration for different species, product forms and across 
geographically distinct markets (Asche et al., 2012). Recent literature continues to utilize these 
cointegration techniques to assess the market integration of various commodities, especially 
finfish (see Bjørndal & Guillen, 2016; Bloomquist, 2015). 
We have chosen to separate the price series in this study into observations that occur 
before the introduction of import tariffs on Vietnamese Pangasius products into the U.S. and 
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those that occur after these tariffs were imposed. Before the tariffs are introduced, we aggregate 
foreign catfish products from all countries, and report their average price and total sales.  
After the tariffs are established, we distinguish between Pangasius imports produced in Vietnam, 
which are subject to the tariffs, and those coming from the rest of the world, which are not. This 
allows us to examine the integration of different catfish products both before the tariffs are 
introduced, as well as afterwards. By splitting these series into two periods, we hope to 
determine how the adoption of these import tariffs have changed the price relationship between 
domestically produced catfish and Pangasius fillets imported from Vietnam and the rest of the 
world. 
 
2.4. Analysis and Results 
 In order to determine whether a long-term price relationship exists between two price 
series, it is first necessary to assess the stationarity of each series. Stationarity was evaluated 
using the Augmented Dickey Fuller (ADF) test procedure. ADF tests were performed on each 
price series for the periods before and after the introduction of the 2003 import tariffs. Test 
statistics are reported for different specifications of each series: one that includes only an 
intercept term and another that includes both an intercept and a trend term. The optimal number 
of significant lags to include in each of these tests was determined using the Schwartz-Bayesian 
Information Criterion (SIC). This optimal number of lags is presented in parentheses next to each 
price series. The Kwiatkowski-Phillips-Schmidt-Shin (KPSS) test was used to confirm all ADF 
results. For this test, the Bartlett kernel was selected as the spectral estimation method, and the 
bandwidth was automatically selected following the Newey-West procedure. Results from this 
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test are only presented in cases that they are inconsistent with the results obtained from ADF 
tests. 
The results of stationarity tests for the period before the tariffs were enacted are presented 
in Table 2.1. The ADF test fails to reject the null hypothesis of a unit root in the level of each of 
the price series at a 5% significance level. This indicates that each of these price series is non-
stationary in level form. The null hypothesis of a unit root is rejected for the first differences of 
each of the price series at a 1% significance level. This indicates that the first-differencing 
transformations have induced stationarity, and that each first-differenced price series is I(1) i.e. 
integrated of order one. Results of KPSS stationary tests corroborate all of these findings. The 
fact that these series are integrated of the same order means that cointegration techniques can be 
used to determine the relationships between each of these prices. 
 
Table 2.1. T-Statistics from ADF Tests; Sample: January 1986 - June 2003  
Price Series Level First Difference 
Domestic Fillet Price   
     Intercept only -2.3588 (1)  -9.2701*** (0) 
     Intercept and trend -2.3002 (1)  -9.2783**   (0) 
Farm Gate Price   
     Intercept -2.2688 (2) -8.7455**    (1) 
     Intercept and trend  -2.3009 (2) -8.7390**    (1) 
Imported Fillet Price   
     Intercept only -2.3491 (5) -14.989***  (4) 
     Intercept and trend -2.7782 (5) -14.976**    (4) 
Note: * and ** indicate significance at the 5% and 1% levels, respectively 
 
Separate ADF tests were also performed on each of the price series for the period after 
the import tariffs were enacted, and these results are presented in Table 2.2. The results are 
generally consistent with those found in Table 2.1., indicating that each price series is stationary 
in first-differences and thus is integrated of order one. There is some evidence that the domestic 
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farm-gate price series may be stationary in level form when specified with a constant but no 
trend term. The ADF test statistic calculated for this specification of farm-gate price has a p-
value of 0.045, and thus rejects the null of a unit root at the 5% significance level. Conversely, a 
KPSS test on this specification of farm gate price yields an LM statistic of 0.681, indicating that 
the null of stationarity can be rejected at the 5% significance level by this test. We take this 
result, along with the fact that farm-gate price was clearly non-stationary in level form for the 
period before the tariffs were introduced, as compelling evidence that the variable is indeed I(1).  
Thus we have found evidence that each price series is non-stationary when evaluated in 
level form, but exhibits stationarity when a first-differencing transformation is applied. This 
suggests that each price series is integrated of order one, and thus cointegration is the appropriate 
method to investigate the relationship between these price series over time (Johansen 1988). 
However, KPSS tests performed on each of the variables in Table 2.2 specified with a constant 
and trend term cannot reject the null hypothesis of stationarity at the 10% significance level. 
These results indicate that these variables may be trend stationary during this later period. This 
finding impacts our choice of assumptions when running our Johansen cointegration tests, and 
will be discussed in greater detail in the following section. 
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Table 2.2. T-Statistics from ADF Tests; Sample: July 2003 – February 2013 
Price Series Level First Difference 
Domestic Fillet Price   
     Intercept only -2.3888   (2)  -3.6550*    (1) 
     Intercept and trend -3.2713   (2)  -3.6738*    (1) 
Farm Gate Price   
     Intercept -2.9333* (1) -3.9912*     (0) 
     Intercept and trend  -3.4463   (1) -4.0323*     (0) 
ROW Fillet Price   
     Intercept only -2.3379   (0) -10.2056** (0) 
     Intercept and trend -2.5364   (0) -10.1851** (0) 
Vietnam Fillet Price   
     Intercept only -2.4097   (1) -15.8796** (0) 
     Intercept and trend -3.0951   (1) -15.8233** (0) 
 Note: * and ** indicate significance at the 5% and 1% levels, respectively 
 
Cointegration tests were then performed to determine the relationships among all of the 
included catfish price variables. Again, separate tests were performed for the periods before and 
after the implementation of import tariffs on Vietnamese Pangasius products in July, 2003. By 
comparing the results of the cointegration tests for these two periods, we hope to determine the 
impact that these tariffs have had on the price relationship between domestic catfish and 
imported catfish fillets. These tests were implemented following the methods outlined by 
Johansen (1991, 1995). Two separate measures, trace statistic and max eigenvalue, are compared 
to critical values produced by Johansen and Juselius (1990) in order to determine the number of 
cointegrating vectors that exist between series included in the test. Finding at least one 
significant cointegrating vector allows us to estimate a vector error correction model (VECM) 
using maximum likelihood in order to extract more information on the nature of the relationship 
between these price variables.  A general VECM is presented below, which has been reproduced 
from Pesaran (2015). 
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∆𝑦𝑡 =  𝑎0 + 𝑎1t − Π𝑦𝑡−1 + ∑ Γ𝑗∆𝑦𝑡−𝑗 + 𝑢𝑡
𝑝−1
𝑗=1
 
 
where 𝑦𝑡 represents a (n x 1) vector of the included price series, 𝑎0 is the unrestricted constant 
term, Π is a long-run impact matrix, Γ𝑗 are short-run impact matrices, and 𝑢 is a white noise error 
term (Johansen 1995; Zivot & Wang 2007). 
Due to the fact that each of the price series in this analysis is seen to have a non-zero 
mean as well as clear positive trend over each of the sample periods, we specify the cointegration 
tests and vector error correction to allow for non-zero intercepts as well as linear trends. Since 
there is evidence that some of the price variables may be trend-stationary over the later the 
sample period, we choose a set of assumptions that restrict the trend coefficients to appear within 
the cointegrating relations. This is equivalent to amending Equation 1 above so that 𝑎0 ≠ 0, and 
𝑎1 = Π𝛾, where 𝛾 is a linear trend term (Persaran 2015). Under these assumptions the VECM 
becomes: 
 
∆𝑦𝑡 =  𝑎0 + [𝑦𝑡−1 − 𝛾(𝑡 − 1)]Π + ∑ Γ𝑗∆𝑦𝑡−𝑗 + 𝑢𝑡
𝑝−1
𝑗=1
 
 
Although we have chosen this specific set of assumptions, we note that our findings of 
cointegration hold in all cases for each of the five deterministic trend assumptions considered by 
Johansen (1995). The Schwarz Information Criterion was used to select the number of significant 
(2.1) 
(2.2) 
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lags to include in all cointegration tests and VECMs performed in this analysis. Two significant 
lags were found in all cases. 
 
Table 2.3. Cointegration Test Results (January 1986 – June 2003) 
Price Series Cointegrating Vectors Trace Statistic Max Eigenvalue 
Domestic Fillet 
Farm Gate 
Imported Fillet 
None  66.1490**  48.0831** 
At most 1  18.0660 11.4922 
At most 2  6.5738 6.5738 
Note: * and ** indicate significance at the 5% and 1% levels, respectively 
 
The results from Table 2.3 indicate that one significant cointegrating equation exists 
which relates domestic fillet, farm gate and imported fillet prices before the introduction of the 
July 2003 tariffs. The cointegrating equation for these price series is presented in Equation 2.3, 
and has been normalized so that the coefficient on the domestic fillet price equals unity.  
 
                 Dom - 3.903*Farm + 2.721*Imp - 0.010*Trend = 2.103                              (2.3) 
 
The preceding equation represents simply a linear combination of non-stationary series that 
results in a stationary series. However, the size and magnitude of the coefficients in this 
expression should not be interpreted directly, since they are not derived from a structural model 
(Quagrainie & Engle, 2002). It would also not be logical to interpret these parameters as cross-
price elasticities, as that interpretation would ignore the dynamics of the cointegrated system 
(Lütkepohl, 2005). This equation can, however, be thought of as an equilibrium state between 
each of these prices. Estimating a VECM allows us to determine which of the included variables 
are actively adjusting to disequilibrium in the system, and which do not.  
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 The full results of the VECM estimated for this first period is included as Table A.1 in 
the appendix of this work. The coefficients on the cointegrating equation, estimated as part of the 
VECM, indicate the speed of adjustment of each of the price variables in the system. Each of 
these price variables are first-differenced, and estimated with one and two period lags. An 
examination of these coefficients reveals that imported fillet price is significantly adjusting to 
disequilibrium in the system, while domestic and farm prices are not. This indicates that the price 
of imported catfish was significantly responding to domestic prices in the period before the U.S. 
tariffs on catfish imports were established. 
Impulse responses were produced for this VECM, which illustrate the response of each 
variable to a one standard deviation positive shock to another variable in the system. Each 
individual graph shows the predicted response of one of the catfish price variables to the 
specified shock, along with 95% confidence interval bands. These results are presented in   
Figure A.1. Both the domestic fillet and farm-gate price series appear to respond quickly to 
shocks to one another. It is unsurprising that domestic fillet price would respond to farm price, 
given the fact that whole catfish is the main input to the production of catfish fillets. It also 
appears that catfish farmers are able to take advantage of increases in domestic fillet prices, and 
demand higher prices for their whole fish in response. Positive shocks to either of these price 
series tend to lead to sustained increases both series. Neither of these price series appears to 
respond significantly to shocks in imported fillet price. Imported fillet price responds to shocks 
to both domestic fillet and farm-gate prices, although there is uncertainty about the sign of these 
responses. An important finding is that when imported fillet price is shocked, it very quickly 
returns to its mean. Thus, unlike domestic fillet and farm-gate prices, shocks to imported price do 
not tend to lead to sustained price changes. 
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Table 2.4. Cointegration Test Results (July 2003 – February 2013) 
Price Series Cointegrating Vectors Trace Statistic Max Eigenvalue 
Domestic Fillet 
Farm Gate 
ROW Fillet 
Vietnamese Fillet 
None  100.0197**  51.4266** 
At most 1  48.5930* 28.4394* 
At most 2  20.1536 11.0145 
At most 3  9.13918 9.1392 
Note: * and ** indicate significance at the 5% and 1% levels, respectively 
 
Vietnamese imports are separated from the imported Pangasius fillets originating from 
the rest of the world in the second sample period, since only Vietnamese Pangasius products are 
subject to U.S. import tariffs beginning in July 2003. The cointegration test results for this later 
period, reported in Table 2.4, suggest that there are two cointegrating equations that exist 
between the four included catfish price series. The most likely equation was chosen by log-
likelihood, and is reported below as equation 2.4. Once again this equation was normalized by 
setting domestic fillet price equal to unity.  
 
Dom - 7.208*Farm + 1.333*ROW - 1.070*Viet. + 0.007*Trend = 0.031                    (2.4) 
 
A separate VECM was estimated for this later period and the results are reported in Table 
A.2. The estimated coefficients for both the domestic farm-gate price and ROW imported fillet 
price terms of the cointegrating equation are significant, indicating that these price series adjust 
to disequilibrium in the cointegrated system. Domestic and Vietnamese fillet prices appear to be 
weakly exogenous in this model. Impulse responses were calculated for this model as well, and 
appear in Figure A.2. 
This model yields some interesting insights into the dynamics of the U.S. catfish market. 
The price of catfish fillets originating in countries other than Vietnam appears to adjust in 
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response to changes in the prices of other catfish products, and the magnitude of this adjustment 
is greater than observed in the previous period. Positive shocks to both domestic catfish price 
series lead to significant and sustained increases in non-Vietnamese imported fillet prices. This  
suggests that the producers of fillets in these countries are able to base their selling price on the 
observed prices for domestically produced catfish. The relationship between domestic farm-gate 
prices and fillet prices remains the same as in the pre-tariff period, with both price series 
responding positively to shocks to the other series, and these positive shocks leading to sustained 
increases in both prices. Farm-gate prices also appear to respond positively to shocks to imported 
fillet prices originating from countries other than Vietnam, with these shocks also leading to a 
sustained increase in farm-gate prices. This may suggest that catfish farmers possess some 
market power, and demand higher prices for their product when they notice price increases in 
related products. This represents some evidence that a change in the dynamics of the catfish 
market may have occurred in the last several decades, as a work by Kinnucan in 1995 suggested 
that catfish farmers do not hold this type of pricing power. A similar result is noticed for the 
domestic fillet prices response to increases in fillet prices from non-Vietnamese producers, 
although this result is not as highly significant as for farm-gate price. Vietnamese fillet price 
does not appear to significantly respond to shocks to any of the other catfish price series. Thus 
Vietnamese fillet producers, who are subject to anti-dumping tariffs, do not seem to adjust their 
prices in response to changes in the prices of other catfish products. This finding prompted 
further investigation into the impacts of Vietnamese fillet prices on domestic fillet prices 
specifically. 
Pair-wise cointegration tests were performed in order to investigate the price 
relationships more fully and to determine whether Vietnamese fillet prices were cointegrated 
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with domestic fillet prices at any point (pair-wise cointegration tests were performed for all price 
series included in this analysis; full results are available by request from the corresponding 
author). The first Vietnamese Pangasius imports to the U.S. occurred in March 1995, and prices 
were linearly interpolated for 15 months during which imports did not occur, in order to create a 
complete time series which is necessary for cointegration testing. This gave a total of 100 months 
of Vietnamese fillet prices before the 2003 tariffs went into effect, and 116 months of prices after 
this ruling. A significant cointegrating relationship was found between Vietnamese and domestic 
catfish fillet prices for this period before the anti-dumping determination was made. Figure A.3 
shows impulse responses that were derived from a VECM estimated for these two price series. 
These graphs show that the price of fillets from Vietnam was having significant impact on 
domestic fillet price during this period. However, this significant cointegrating relationship is no 
longer found in the period following the anti-dumping ruling. A vector auto regression (VAR) 
model was constructed for these non-integrated price series, and Figure A.4 shows impulse 
responses that were created from this model. This figure clearly shows that Vietnamese fillet 
prices are no longer impacting domestic fillet prices significantly. This finding has important 
implications for cointegration testing with multiple price series which will be discussed in the 
following section.  
The results of this analysis indicate that a significant price relationship does still exist 
between domestic and imported catfish fillet prices. There is evidence that the adoption of anti-
dumping tariffs on Vietnamese Pangasius imports may have diminished the impact that the 
prices of these products can have on domestic catfish prices. However, the price of imported 
fillets originating from the rest of the world still has significant impacts on the prices received by 
U.S. catfish producers and processors.  
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2.5. Conclusions 
 This analysis has yielded some intriguing and significant findings. Cointegration testing 
confirms that there was a significant long-term relationship between domestic catfish prices and 
imported fillet prices before the establishment of anti-dumping tariffs on Vietnamese Pangasius 
products by the U.S. in July 2003. Further, a VECM constructed for this period indicates that the 
price of imported catfish fillets was responsive to disequilibrium within this cointegrated system, 
while domestic price did not respond significantly. Following the adoption of the aforementioned 
tariffs, we find that a significant price relationship still remains between domestic catfish prices 
and imported fillet prices. A VECM for this later period reveals that the price of catfish fillets 
from countries other than Vietnam is still significantly adjusting in response to changes in 
domestic prices. In fact, impulse responses show that the magnitude of this adjustment is even 
greater than in the previous period. Vietnamese fillet price does not appear to significantly 
impact the prices received for domestic catfish products once import tariffs have been 
established. Further analysis confirms that Vietnamese fillet price was no longer cointegrated 
with domestic fillet price following the adoption of anti-dumping tariffs, which indicates that the 
markets for U.S. and Vietnamese Pangasius fillets may no longer be integrated. This can be 
taken as evidence that the anti-dumping duties have been successful in eliminating the impact 
that the price of Vietnamese produced Pangasius fillets have on the price received for U.S. 
produced fillets. This represents one of the most important findings from this analysis, however, 
some caution should be exercised in interpreting this finding definitively. McNew and Fackler 
(1997) found evidence that large or non-stationary transport costs can lead to insignificant 
cointegration tests even in cases where markets are well integrated. A thorough examination of 
the transportation costs among Vietnamese Pangasius producers that export to the U.S. could 
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help to clarify this issue, and represents an important direction for future research in the global 
catfish market. 
The discovery that Vietnamese Pangasius is no longer significantly cointegrated with 
domestic prices during the period from July 2003 – February 2013 also represents an apparent 
contradiction with the findings from a cointegration test performed on the same period for four 
catfish price series, including domestic fillet, domestic farm-gate, rest-of-world fillet and 
Vietnamese fillet prices (presented in Figure 4). This relationship was examined in more detail 
because the results of a VECM suggested that this Vietnamese price was not having significant 
impacts on any of the other included price series. Following this finding, the results of all other 
cointegration tests performed in this analysis were confirmed using pair-wise cointegration tests. 
This conflict of results highlights the importance of conducting pair-wise cointegration tests in 
order to confirm significant cointegrating relationships that are found between more than two 
price series. Researchers using a time series approach to investigate price interactions between 
aquacultured or agricultural products should consider employing pair-wise cointegration tests in 
order to confirm results from tests indicating integration of multiple price series. 
The anti-dumping ruling was intended to defend the U.S. catfish industry from 
underpriced imports from Vietnam, and these findings provide some evidence that these 
measures are achieving their intended outcome. It is important to note that our results suggest 
only that there has been a breakdown in the price relationship between domestic and Vietnamese 
Pangasius products, and not that the domestic industry is receiving significantly higher prices for 
their products, or increasing their market share as a result. We have also found evidence that the 
price of fillets from other countries is still impacting the prices received for domestic catfish 
products following the enforcement of these tariffs, especially the prices received by catfish 
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farmers. This result has important policy implications, as it clearly demonstrates that import 
tariffs enforced on a single catfish producing country are not enough to ensure the 
competitiveness of the domestic catfish industry.  
Prices received by both domestic catfish processors and producers did not immediately 
increase as a result of the 2003 anti-dumping measures (Hanson & Sites, 2015). Additionally, 
domestic production has slowed since reaching its peak in 2003, although the past several years 
have witnessed growth and recovery. On the other hand, Vietnamese imports have continued to 
increase dramatically during this time period. The causes of these supply trends are beyond the 
scope of this particular analysis, since there are likely a variety of exogenous factors influencing 
production in both the U.S. and Vietnam.  While our results indicate that targeted tariffs may 
have been effective in eroding the price relationship between domestic catfish products and 
Vietnamese fillets, market integration still exists between the U.S. and other catfish exporting 
nations. Therefore, the current policy is likely not enough to ensure long-term competitiveness of 
the domestic catfish industry in terms of price. U.S. import tariffs on Vietnamese products are 
also likely of greater benefit to catfish producers in countries such as China and Thailand than 
they are to domestic producers, since these other nations still hold a comparative advantage over 
the domestic catfish industry (Singh & Dey, 2011).  
The methodology presented in this paper has wide applications, and is not only 
appropriate for freshwater aquaculture species such as catfish. In fact, this type analysis could be 
adapted to examine the markets for marine finfish, shellfish and sea-vegetables as well. Current 
trends indicate that global aquaculture is going to need to continue to expand in order to meet 
needs of a growing population that increasingly demands fish protein as an important part of 
their diet (FAO, 2016). As this growth progresses, aquaculture raised species will become even 
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more important commodities in the global economy. Thus, continued examination of the price 
relationships and interactions among these products will be essential as the landscapes of 
international food markets continue to change.  This is especially true in cases where trade 
restrictions on aquaculture products have been enacted or even contemplated. Our study 
establishes an innovative method to evaluate the effectiveness of trade policies related to 
aquaculture products. Applying these methods to evaluate different species will be an important 
future research direction as the field of aquaculture continues to expand in both production 
capability and the diversity of species that are produced. As noted earlier, there are limitations to 
the usefulness of these cointegration methods in some circumstances. Thus it is also important 
that future research efforts be dedicated to pursuing the type of high quality data, such as detailed 
transaction costs records, that would make the construction of economic equilibrium models 
possible. This would help researchers to develop an even better understanding of the impacts that 
trade policies can have on price integration within the global market for aquaculture products. 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 27 
CHAPTER 3 
EVALUATING THE PRODUCTION EFFICIENCY OF NEW ENGLAND’S OYSTER 
AQUACULTURE INDUSTRY  
3.1. Abstract 
Aquaculture currently provides half of the fish that is consumed by humans, and is 
expected to continue to expand to meet needs of a growing population that increasingly demands 
fish protein as an important part of their diet (FAO, 2016). In coastal New England, growing 
oysters is a long-established practice which has exhibited something of a renaissance over the 
past few decades (Lapointe, 2013). This industry currently generates millions in annual revenue, 
adding significant value the economies of the coastal communities and states that are home to 
oyster farming enterprises (Augusto & Holmes, 2013). However, oyster aquaculture has received 
relatively little attention from the field of economics. To our knowledge, this effort represents the 
first evaluation of productive efficiency in New England’s oyster aquaculture industry. Our 
findings suggest that there is significant potential to increase productivity in this industry by 
reducing inefficiency in production. Additionally, this analysis has revealed several factors 
which significantly influence an operation’s inefficiency in oyster production. These include a 
grower’s education level, location, and farm diversification. We also find evidence that industry-
wide production efficiency has been increasing on an annual basis between 2013-2015. Thus it 
appears that productive efficiency is improving as this relatively young industry begins to 
mature. This study provides valuable information that could help governance bodies and 
outreach specialists to make more informed decisions regarding this industry. 
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3.2. Introduction 
Shellfish aquaculture is a widespread practice in New England. In 2013, over 1500 
leases, licenses and permits existed for place-based aquaculture of shellfish in New England 
(Lapointe, 2013). The value of shellfish production in this region has been estimated to be 
between $45 and $50 million, with oysters being by far the most valuable species (Lapointe, 
2013). The economic impact of shellfish production in Massachusetts was assessed by Augusto 
& Holmes in 2013. This study estimated the value of shellfish aquaculture in Massachusetts 
alone to be $25.4 million, with the industry generating $45.5 million for the state’s economy. 
This industry has also produced over 900 jobs in Massachusetts, and created more than $20 
million in labor income. Oyster production was responsible for the vast majority of this 
economic activity, with 96% of surveyed shellfish producers indicating that they raised oysters 
(Augusto & Holmes, 2015). Thus oyster aquaculture is clearly a significant industry in New 
England.  
Increasing demand for high quality shellfish has led to favorable prices, and thus a 
continued expansion of shellfish aquaculture in New England over the past decade (Lapointe, 
2013). Shellfish production has increased steadily in Massachusetts during this period. Between 
2001 and 2004, the state produced approximately $3.5 million worth of shellfish annually. By 
2010, that figure had increased to over $10.2 million per year (Augusto & Holmes, 2015). In 
2015, the state of Maine produced over 7.5 million oysters, with a value of nearly $4.8 million 
(DMR, 2012). The economic success experienced by this industry has attracted several entrants 
in recent years. Many of these new participants come from fishing families and communities, 
hoping to diversify their income from the less-reliable wild harvest fisheries on which they had 
formerly depended (Lapointe, 2013). 
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Oyster production in New England is dominated by small, family owned companies. 
According a recent survey by the Maine Aquaculture Research Institute, over 80% of Maine 
oyster growers reported annual sales revenue of $500,000 or less, placing them well below the 
$750,000 small business size standard set by the U.S. Small Business Administration. This 
survey also found that 47% of respondents began their oyster farming operations in 2012 or later 
(Cole et al., 2017). Massachusetts has a larger and more established oyster industry, yet the 
majority of operations can be classified as small businesses. A similar study done in 
Massachusetts found that 94% of surveyed shellfish producers reported annual sales revenue of 
less than $500,000 (Augusto & Holmes, 2015). New Hampshire also has a small number of 
oyster farms, each of which was established in the last three years. 
Oyster growers in New England primarily focus on producing high quality single oysters, 
sometimes known as “boutique oysters”, which command premium prices from fine dining 
establishments and raw-bars (Rhodes, et al., n.d.). Successful oyster producers in New England 
tend to utilize growing methods which ensure that a large proportion of their oysters will have 
good shape and shell quality. These attributes are extremely important in determining the price 
received for oysters, since restaurants want oysters that can be easily opened to facilitate 
attractive presentation in culinary settings (Rhodes et al., n.d.).  
Few economic studies have focused on oyster aquaculture, and of those that exist have 
mainly taken place in developing countries. Samonte-Tan and Davis (1998) investigated 
aquaculture of the slipper oyster (Crassostrea iredalei) in the Philippines, with the goal of 
comparing the efficiency of two popular oyster growing methods. The authors estimated a 
translog cost function using an iterative seemingly unrelated regression approach. Their findings 
indicate that rack-hanging tends to be a more productive culture method, but that stake culture is 
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more cost-effective at smaller production scales. Huang and Lee (2014) performed a similar 
analysis, using a translog cost function to compare the productivity and profitability of two 
oyster culture methods that are used in producing Pacific oysters in Taiwan. These authors found 
that while both methods exhibited increasing returns to scale, a mixed culture method yielded 
relatively higher returns to scale. The authors also find evidence that elevated capital prices lead 
to increased use of juvenile oysters or fishing gear as substitutes in production. Huang et al. 
(2013) studied production of the Pacific oyster (Crassostrea gigas) in the Yunlin coastal area of 
Taiwan, employing a translog cost function to examine cost, own and cross-price elasticities for 
oysters. The authors conclude that the Yunlin oyster industry does have economies of scale, and 
thus increasing production has the potential to lower costs for producers. The authors also 
conclude that increased capital investment can be used to offset some of the negative impacts 
that oyster growers are facing due to the negative environmental impacts of coastal industrial 
development in the area.  
 Lipshultz & Krantz (1980) performed an economic analysis of an eastern oyster hatchery 
located in Maryland, on the Chesapeake Bay. Using a series of linear programing models, these 
authors were able to identify production bottlenecks, and to suggest an alternative production 
strategy to increase productivity of the hatchery. This strategy involved changing the 
“equipment-mix” of the hatchery by increasing the amount of equipment on which juvenile 
oysters (known as spat) could be grown. These authors also showed that, given their suggested 
optimal production strategy, the oyster hatchery could be operated as a stand-alone hatchery or 
could incorporate oyster harvesting and still remain viable.  
Coffen & Charles (1991) performed an economic investigation of shellfish aquaculture in 
Atlantic Canada. These authors estimate Cobb-Douglas production functions to examine both 
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blue mussel and eastern oyster production. Their findings indicate that capital investment, labor 
and experience all play significant roles in determining oyster production output. Further 
analysis of marginal productivities of the two inputs indicates that labor is underutilized on the 
average oyster farm, whereas capital usage is above the profit-maximizing optimum level. Our 
study will perform a similar sort of production analysis, though we will take advantage of a more 
refined production model, known as a stochastic frontier model, which was not available to 
Coffen & Charles in 1991.  
Frontier analysis is a technique which has been applied by many researchers in a variety 
of agricltural and aquaculture settings. In fact, Iliyasu et al. (2014) and Sharma & Leung (2003) 
both provide comprehensive reviews of the use of production frontier techniques to study 
aquaculture industries. Single-stage stochastic frontier analysis (SFA) has been the most 
commonly employed technique used to examine aquaculture operations. A two-stage SFA 
approach also exists, however, several issues have been identified regarding this method 
(Schmidt, 2011). Singh et al. (2009) also found that single stage SFA produced more reliable 
results than the two-stage approach (Iliyasu et al., 2014). 
Sharma & Leung (2003) reviewed 13 aquaculture production frontier studies performed 
in the late 1990s and early 2000s. These studies assessed aquaculture operations in over 20 
countries, mostly in Asia, raising species that included shrimp, carp, tilapia, seabass and salmon. 
The majority of these studies employed SFA techniques rather than data envelopment analysis 
(DEA), which is an alternate, nonparametric linear programming approach. Gunaratne and 
Leung (1996) first applied SFA to aquaculture to study the Asian black tiger shrimp industry. 
Significant factors influencing efficiency were found to include farm size, experience, land 
ownership and shrimp, water and feed related management. Gunaratne and Leung (1997) then 
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used both SFA and DEA to investigate the technical, allocative and economic efficacies of 
Malaysian shrimp farms. They found that both methods produced very similar efficiency 
estimates. Sharma and Leung (1998) used SFA to investigate carp production in the Tarai region 
of Nepal. These authors analyzed seed, labor, fertilizer, feed and other inputs as well as other 
aspects including culture intensity, experience, ownership, farm size, and indicators of fish, 
water and feed management. They found that farmers could substantially increase their 
productivity by adopting or improving their fish, water and feed management practices. They 
also found that factors such as intensifying carp culture and improving farmer’s knowledge of 
modern aquaculture techniques, genetic enhancement of fish stock and disease control could also 
increase productive efficiency.  
Iliyasu et al. (2014) reviewed 28 aquaculture production frontier studies dating from 
2001-2011, and also found that the SFA was employed more frequently to estimate efficiency 
than DEA. These authors also found that efficiency analysis has been the focus of 71% of 
production frontier studies. The authors noted that productivity growth analysis studies in 
aquaculture still few, and attributed this to a lack of availability of time-series data from 
aquaculture operations. Iliyasu and colleagues recommend that more future work be focused on 
collecting and analyzing such data for productivity growth analysis studies, as these can reveal 
important trends or shifts in productivity that would not be evident from simple cross-sectional 
analyses. 
Contemporary researchers have continued to apply the stochastic frontier approach to 
examine efficiency in various aquaculture industries. One such example is the work of Alam et 
al. (2012), who investigated the determinants of productivity in the tilapia farming industry in 
Bangladesh. Their findings indicate that quantity of tilapia fingerlings used, average size of 
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fingerlings, labor, feed, fertilizer and pond size are all significant in determining tilapia output. 
Authors suggest that the mean technical efficiency of these firms (78%) can be improved through 
outreach and education of tilapia farmers, allowing them to make better decisions in terms of 
their production process. Asche & Roll (2013) also use SFA to investigate the Norwegian 
salmon industry. Using a panel dataset collected from salmon producers in Norway between the 
years of 1985 and 2008, these authors estimate a stochastic frontier model including inefficiency 
effects. Feed, capital and labor all exhibit a significant positive impact on salmon output. 
Specialization is found to decrease technical inefficiency, while diseases and other farm 
problems leading to an insurance disbursement is found to increase inefficiency. The authors 
estimate a mean efficiency for the Norwegian salmon industry of 81.5%, though their results 
indicate that inefficiency has been decreasing over time. They suggest continued monitoring of 
the industry is essential to insure that potential causes of inefficiency can be identified and 
addressed in a timely manner. 
To our knowledge, our study represents the first attempt to investigate production 
efficiency within New England’s oyster aquaculture industry. This is also the first such analysis 
of oyster production performed in the United States. Some studies have focused on the economic 
contribution of the aquaculture or shellfish production in certain regions (Lapointe, 2013; 
Augusto & Holmes, 2013), but none have evaluated efficiency directly. We develop a stochastic 
frontier model in order to examine which factors significantly contribute to productivity in this 
industry. Using this model, we investigate whether there are significant differences in 
productivity arising from the use of different oyster culture methods. This analysis also allows us 
to assess the relative economic efficiency of the developing oyster industry in Maine, compared 
with the larger and more established industry in Massachusetts. Thus this study provides a tool 
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that allows individual oyster growers to evaluate the productive efficiency associated with the 
inputs and production methods they are currently employing. This analysis also has important 
policy implications, as it will allow policymakers to determine whether more resources need to 
be dedicated to education and outreach to improve outcomes in this industry. This information 
may play a critical role in ensuring the continued success of oyster aquaculture in the United 
States.  
 
3.3. Methodology 
The concept of the production frontier was pioneered by Farrell (1957), and this work has 
led to the development a number of techniques for assessing productive efficiency. Two popular 
techniques that have been utilized are the Stochastic Frontier Analysis (SFA) and Data 
Envelopment Analysis (DEA). SFA utilizes a parametric approach that involves econometric 
analysis, whereas DEA involves a nonparametric technique that employs a linear programming 
method. These approaches do not assume that producers are motivated by profit maximization, 
but instead seek to estimate relative efficiency based on the set of inputs used by each producer. 
Stochastic frontier models were developed simultaneously and independently by Aigner et al. 
(1977) and Meeusen & Van den Broeck (1977). These authors introduced a random component 
to the standard production frontier model developed by Farrell. Battese and Collie (1992) built 
on this model, incorporating a compound error term which included both a stochastic component 
and a component that is attributed to inefficiency. The authors specified their stochastic frontier 
production model as follows: 
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          𝑌𝑖 = 𝑓(𝑋𝑖; 𝛽) 𝑒𝑥𝑝(𝑉𝑖 − 𝑈𝑖) 
 
where: 
• 𝑖 refers to the 𝑖-th firm 
• Y represents output 
• X denotes a (1 x k) vector of input quantities 
• 𝛽 is a (k x 1) vector of parameters to be estimated 
• 𝑉𝑖 is an independently and identically distributed random error with a mean of 0 and 
variance of 𝜎𝑣
2, i.e. 𝑉𝑖~N(0,𝜎𝑣
2) 
• 𝑈𝑖 is a non-negative random error associated with technical inefficiency in production 
 
As mentioned above, this model involves two types of error terms: 𝑉𝑖, which represents the 
standard “noise” involved in any production process, and 𝑈𝑖, which represents technical 
inefficiency in production. 𝑈𝑖 is assumed to follow a half-normal distribution in this model, and 
thus heteroscedasticity in this term can cause biased and inconsistent estimates in the preceding 
model. However, allowing 𝑈𝑖 to depend on factors that are though to determine technical 
inefficiency can help alleviate this heteroscedasticity issue (Asche & Roll, 2013). Following 
Battese and Coelli (1995), the technical inefficiency term 𝑈𝑖  can be expressed as: 
 
          𝑈𝑖 = 𝑍𝑖𝛿 +  𝑊𝑖 
 
(3.1) 
(3.2) 
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where: 
• Z is a 1 x p vector of variables possibly influencing farm efficiency 
• 𝛿 is a p x 1 vector of parameters to be estimated  
• 𝑊𝑖  is a random variable that is defined by the truncation of the normal distribution with 
a mean of 0 and variance 𝜎𝑢
2 such that the truncation point is −𝑍𝑖𝛿 i.e. 𝑊𝑖 ≥ −𝑍𝑖𝛿. 
Thus 𝑈𝑖 is a non-negative truncation of the N(𝑍𝑖𝛿,𝜎𝑢
2) distribution  
Technical efficiency for the 𝑖-th firm is derived as: 
 
          𝑇𝐸𝑖 = exp(−𝑈𝑖) = exp(−𝑧𝑖𝛿 − 𝑊𝑖) 
 
Inclusion of both the stochastic and inefficiency components allows the model to capture both 
random shocks that impact the production process as well as factors impacting the technical 
inefficiency of individual firms, leading to what is generally considered a more realistic 
production frontier model. These inefficiency terms are generally estimated simultaneously with 
the input variables, in what is known as a single-stage approach.  
 
3.4. Survey and Data 
Economic studies of aquaculture industries frequently necessitate conducting a survey of 
aquaculturists. Often these surveys have been performed in person to minimize confusion and to 
ensure the collection of usable data (see Alam, Khan, & Huq, 2012; Coffen & Charles, 1991 and 
(3.3) 
  
 
 
 
 37 
J. F. Huang & Lee, 2014 among many others). However, personal interviews can be costly and 
time consuming, and thus often leads to small samples. In order to maximize potential response 
rate, we chose to employ a mixed-mode survey to collect production data from oyster growers in 
the states of Maine, New Hampshire and Massachusetts. Names and contact information for 
these oyster producers were provided by their respective state agencies (Maine Department of 
Marine Resources, New Hampshire Marine Fisheries Division and Massachusetts Division of 
Marine Fisheries and). All producers in Maine and Massachusetts were sent a paper copy of the 
survey through the mail, with a $1 cash incentive enclosed to encourage participation (New 
Hampshire growers only received electronic copies, as mailing addresses could not be obtained). 
Two follow-up mailings, which did not include cash incentives, were sent to growers that had 
not yet responded. A $20 cash gift was sent to growers who completed and returned the survey. 
Growers located in Massachusetts received both a paper copy of the survey and an electronic 
copy through email. Massachusetts growers were encouraged to fill out the survey by whichever 
means they preferred, and were compensated equally for responding by either method. This 
survey was sent to a total of 530 oyster farming businesses. This included 387 growers in 
Massachusetts, 126 growers in Maine and 17 growers located in New Hampshire. We received 
168 completed surveys in total, yielding an overall response rate of over 31%. Massachusetts 
growers had the highest response rate of over 33% followed by Maine which had a response rate 
of over 28%. Only one grower from New Hampshire chose to participate. However, our effective 
response rate was significantly lower than this, as many respondents left out crucial information 
about their oyster production. Thus the sample that we are able to use for our production models 
represents slightly less than 11% of the number of producers surveyed.  
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Oyster growers were asked about their production methods, the inputs used in their 
farming operations, and their total oyster output. Three years of production data was requested 
from each producer, to allow us to determine changes or trends in productivity over time. Due to 
the fact that production methods varied substantially within the industry, some discretion was 
required to determine the most appropriate input variables to include in our model. We 
ultimately chose to include dummy variables that indicate the oyster production method used by 
each grower. This allowed us to derive separate estimates for the relative importance different 
inputs to each production technique, and to make comparisons across these production methods. 
The production methods that we chose to compare are enclosed culture, bottom planting and 
hybrid culture. We define enclosed culture as any method that employs cages, bags or other 
structure into which oysters are placed and allowed to grow. Bottom planting is the process of 
placing oysters onto a suitable natural surface, and allowing them to grow on this surface until 
they are ready to be harvested. We define hybrid culture as any combination of the two 
previously described techniques. A breakdown of the oyster production data by production 
method, state and year is presented in Table 3.1. 
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Table 3.1. Breakdown of Oyster Producer Data 
By Production Method 
 Enclosed Culture Bottom Planting Hybrid Culture 
Total Observations 94 14 41 
Number of Operations 35 5 15 
By Production State 
 Maine Massachusetts New Hampshire 
Total Observations 22 135 0 
Number of Operations 7 51 0 
By Production Year 
 2013 2014 2015 
Total Observations 50 53 54 
 
The majority of surveyed growers indicated that they use enclosed culture, with hybrid culture 
being the second most common method. Additionally, most growers in our sample were located 
in Massachusetts, with Maine being the only other state represented. One respondent participated 
from New Hampshire, but did not provide full completed production information, and thus could 
not be included in this analysis. Four oyster farms in our sample began harvesting during the 
three-year span that we observe, but none of the included operations dropped out of the industry 
during this time. 
The inputs that we chose to include in this analysis are those that are common to all 
oyster producers, regardless of production technology. These include land, labor, oyster seed 
(juvenile oysters) and a variety of capital costs. Capital costs were captured using a question that 
asked producers to list their annual costs for equipment and machinery, including depreciation. 
Growers were also asked questions about other species that they raise on their farm, their 
allocation of time between farm-labor and other off-farm employment, and their participation in 
social networks related to their oyster production. Demographic data including age, education 
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level and several other characteristics were also collected. Much of this information is utilized in 
our econometric model to help explain production efficiency. Ultimately, we decided to use 
oyster growing experience, education level, and extent of social network to explain the 
inefficiency component of our stochastic frontier model. Social networking activity for each 
grower was approximated using the number of other growers located in the same state that had 
listed that grower as a contact that they communicated with about oyster production. 
Additionally, several dummy variables were included which indicate whether each grower:  
1) raises other species in addition to oysters in their aquaculture operation  
2) has achieved designated levels of education 
3) is a full-time oyster producer 
4) owns an oyster grading machine (which sorts oysters by size, saving time and labor) 
5) has an operation located in Maine or Massachusetts 
6) is or was formerly a commercial fisherman 
7) employs a certain oyster production method 
 
All of the variables utilized in our production models are summarized in Table 3.2. 
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Table 3.2. Summary Statistics for Variables Used in Stochastic Frontier Models 
Description Variable Mean Median SD 
Continuous Variables 
Annual oyster harvest (pieces) Y 232300 100000 488972.7 
Area dedicated to oyster 
production (acres) 
Area 3.327 2.000 5.4406 
Annual labor (hours) Labor 3045 2340 2816.398 
Annual seed used (pieces) Seed 803600 300000 1647993 
Annual expenditures on machinery 
and equipment (including 
depreciation) 
Capital 26310 15000 34638.37 
Years farm has been in operation EXP 14.79 14.00 8.7551 
Level of Social Networking 
(number of times listed by other 
growers in same state) 
SN 0.6577 0.000 1.2828 
Dummy variables 
Grower raises other species  OS 0.2752 0 0.4481 
Grower received high school 
education or less  
HS 0.0940 0 0.2928 
Grower received graduate degree  GD 0.1745 0 0.3808 
Grower is full-time  FT 0.396 0 0.4907 
Grower owns grading machine  GM 0.396 0 0.4907 
Operation is located in Maine  ME 0.1275 0 0.3347 
Operation is located in 
Massachusetts 
MA 0.8725 1 0.3347 
Grower is or was formerly a 
commercial fisherman  
CF 0.6510 1 0.4783 
Grower uses enclosed culture EC 0.09396 1 0.2928 
Grower uses bottom planting BP 0.2752 0 0.4481 
Grower uses a combination of 
bottom planting and enclosed 
culture (hybrid culture) 
HY 0.6510 0 0.4783 
 
3.5. Analysis and Discussion 
The production function for this region’s oyster industry could be specified in several 
different ways. One option that has been popular in the production literature is to use the log-
linear or Cobb-Douglas form. This production function can be incorporated into the stochastic 
frontier model developed by Battese and Coelli (1992) as follows: 
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 ln(𝑌𝑖
𝑡) = 𝛽0 + ∑ 𝛽𝑗
𝑛
𝑗=1
ln(𝑋𝑗𝑖
𝑡 ) + 𝑉𝑖
𝑡 − 𝑈𝑖
𝑡 
where i denotes the i-th grower; t refers to the t-th year of production; j is a vector of inputs used 
in the oyster production process, 𝑌𝑖 refers to grower i’s total oyster harvest; 𝑋𝑗𝑖 represents the 
amount of input j used by grower i; 𝛽’s are a set of parameters to be estimated; 𝑉𝑖 and 𝑈𝑖 are the 
random and inefficiency components of the error term associated with grower i’s oyster 
production. This specification has the nice feature that the parameter estimates that are returned 
for each input can be interpreted directly as output elasticities. However, the drawback to this 
specification is that it is fairly rigid. The Cobb-Douglas production function includes the 
restriction that both scale and output elasticities do not vary with input or output levels, and that 
the elasticity of substitution between inputs must equal unity (Coelli, 1995).  
An alternative functional form which is commonly employed in production studies is the 
transcendental logarithmic (translog) production function. Following the work of Battese and 
Coelli (1992), a translog function for oyster production frontier model can be specified as: 
 
          ln(𝑌𝑖
𝑡) = 𝛽0 + ∑ 𝛽𝑗
𝑛
𝑗=1
ln(𝑋𝑗𝑖
𝑡 ) +
1
2
∑ ∑ 𝛽𝑗𝑘
𝑛
𝑘=1
𝑛
𝑗=1
ln(𝑋𝑗𝑖
𝑡 ) ln(𝑋𝑘𝑖
𝑡 ) + 𝑉𝑖
𝑡 − 𝑈𝑖
𝑡 
 
The translog production function is more flexible than the Cobb-Douglas form, in that it imposes 
no restrictions on substitution possibilities or returns to scale. Drawbacks to this form include 
reduced degrees of freedom resulting from the increased number of parameters, as well as 
potential multicollinearity issues (Coelli, 1995). To choose between these forms, we test the null 
(3.4) 
(3.5) 
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hypothesis that the translog production function can be reduced to the Cobb-Douglas 
specification, i.e. H0: 𝛽𝑗𝑘 = 0 versus the alternative hypothesis that the translog form is 
significantly more likely, H1: 𝛽𝑗𝑘 ≠ 0.  In order to accomplish this, we construct stochastic 
frontier models using both functional forms, following the specification presented in Battese and 
Coelli (1992), and ignoring inefficiency effects for the time being. Using a likelihood ratio test, 
we fail to reject the null hypothesis that the Cobb-Douglas specification is appropriate at the 5% 
significance level.  
As mentioned earlier, we also included dummy variables that indicate which production 
method is employed by each grower. By interacting these dummies with each productive input, 
we generate separate estimates for the contribution of each input to each oyster growing 
technique. Thus our efficiency components frontier model is specified as follows: 
 
 ln(𝑌𝑖
𝑡) = 𝛽0(𝐸𝐶) + 𝛽1(𝐵𝑃) + 𝛽2(𝐻𝑌) + 𝛽3(EC ∗ ln(𝐴𝑟𝑒𝑎𝑖
𝑡)) + 𝛽4(𝐸𝐶 ∗ ln(𝐿𝑎𝑏𝑜𝑟𝑖
𝑡))
+ 𝛽5(EC ∗ ln(𝑆𝑒𝑒𝑑𝑖
𝑡)) + 𝛽6(EC ∗ ln(𝐶𝑎𝑝𝑖𝑡𝑎𝑙𝑖
𝑡)) + 𝛽7(BP ∗ ln(𝐴𝑟𝑒𝑎𝑖
𝑡))
+ 𝛽8(𝐵𝑃 ∗ ln(𝐿𝑎𝑏𝑜𝑟𝑖
𝑡)) + 𝛽9(BP ∗ ln(𝑆𝑒𝑒𝑑𝑖
𝑡)) + 𝛽10(BP ∗ ln(𝐶𝑎𝑝𝑖𝑡𝑎𝑙𝑖
𝑡))
+ 𝛽11(HY ∗ ln(𝐴𝑟𝑒𝑎𝑖
𝑡)) + 𝛽12(𝐻𝑌 ∗ ln(𝐿𝑎𝑏𝑜𝑟𝑖
𝑡)) + 𝛽13(HY ∗ ln(𝑆𝑒𝑒𝑑𝑖
𝑡))
+ 𝛽14(HY ∗ ln(𝐶𝑎𝑝𝑖𝑡𝑎𝑙𝑖
𝑡)) + 𝑉𝑖
𝑡 − 𝑈𝑖
𝑡 
 
We also performed a hypothesis test to confirm that the inclusion of the inefficiency 
component of the model (𝑈𝑖
𝑡) is statistically significant. In the case that 𝑈𝑖
𝑡’s true value is zero 
for all individuals, then there is no inefficiency in oyster production, and this stochastic frontier 
model reduces to a simple OLS model. Thus we tested the null hypothesis that the inefficiency 
(3.6) 
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component is irrelevant, i.e. H0:  𝑈𝑖
𝑡 = 0, versus the alternative hypothesis H1:  𝑈𝑖
𝑡 ≠ 0. Using a 
likelihood ratio test, we were able to reject the null hypothesis at the 5% significance level, 
concluding inefficiency does exist in the oyster industry, and that inclusion of the inefficiency 
component significantly improves the performance of our model. A summary of this initial 
model is presented in Table 3.3.  
 
Table 3.3. Error Components Frontier Model Summary and Efficiency Estimates 
Model Summary 
Number of Operations 58 
Years of Production Data 3 
Total Observations 157 
Missing from Panel 17 
  
Efficiency Estimates 2013 2014 2015 
Annual Efficiency 0.4626 0.4901 0.5134 
Mean Efficiency                          0.4894 
 
Using data from a total of 58 oyster producers, we find industry-wide efficiency between 
2013-2015 to be approximately 49%. It bears mentioning that this model predicts only technical 
efficiency, and not profitability or any other measures of economic success. It is likely that 
operators are seeking to maximize their profits rather than gross oyster output, and this may 
explain why some operators make decisions that lead to inefficiency in production. Examples 
might include allowing oysters to grow beyond minimum harvesting size in an effort to increase 
size or improve taste or shell strength, all of which could lead to a higher price per oyster. This 
model also assumes a Cobb-Douglas production function, while in reality the industry may well 
be characterized by a much more complex production function. If this is the case, these technical 
efficiency estimates may not represent the true level of efficiency in the industry. As mentioned 
previously, three years of production data was collected from each operation, allowing us to 
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examine changes in productive efficiency over time. We find evidence that efficiency is 
increasing each year from 2013-2015. Parametric within-subject t-tests and non-parametric 
Wilcoxon signed-rank tests are utilized to determine whether these annual increases represent 
statistically significant changes. These tests both suggest that the distribution of mean efficiency 
scores in each year are indeed statistically different from one another. Parameter estimates 
derived from this model are included in Table 3.4. 
 
Table 3.4. Estimates from Error Components Frontier Model  
Variable Parameter Estimate SE 
Enclosed Culture Estimates    
Intercept 𝛽0 -0.2742 1.0859 
Area dedicated to oyster production (acres) 𝛽3 -0.1448 0.1050 
Annual labor (hours) 𝛽4 0.7735*** 0.1206 
Annual seed used (pieces) 𝛽5 0.3707*** 0.0889 
Annual expenditures on machinery and 
equipment (including depreciation) 
𝛽6 0.2037*** 0.0674 
Bottom Planting Estimates    
Intercept 𝛽1 5.5728 3.4302 
Area dedicated to oyster production (acres) 𝛽7 -0.0258 0.3922 
Annual labor (hours) 𝛽8 0.5004 0.8759 
Annual seed used (pieces) 𝛽9 0.2401 0.3241 
Annual expenditures on machinery and 
equipment (including depreciation) 
𝛽10 0.0450 0.3558 
Hybrid Culture Estimates    
Intercept 𝛽2 2.4143 1.6339 
Area dedicated to oyster production (acres) 𝛽11 0.1827 0.2305 
Annual labor (hours) 𝛽12 0.7949*** 0.1755 
Annual seed used (pieces) 𝛽13 0.3225* 0.1923 
Annual expenditures on machinery and 
equipment (including depreciation) 
𝛽14 -0.0561 0.1106 
Time Effect & Variance Parameters    
Time effect 𝑡 0.1142*** 0.0372 
Summed squared variances of noise and 
inefficiency components (𝐕𝐢 𝐚𝐧𝐝 𝐔𝐢) 
𝜎2 1.1776*** 0.2442 
Importance of inefficiency component ( 
𝛔𝐮
𝟐
𝛔𝟐
 ) 𝛾 0.8788*** 0.0310 
***, **, and * indicate significance at the 1%, 5% and 10% levels, respectively 
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Estimates are broken down by production method, in order to enable comparisons of 
input elasticity across these techniques. Results from this model indicate that the amounts of 
labor, oyster seed and capital that are used in each operation significantly explain oyster output 
for producers using enclosed culture methods. Since a Cobb-Douglas specification was 
employed, the estimated coefficients from this model can be interpreted as output elasticities for 
each input. The output elasticities of labor, seed and capital are approximately 0.77, 0.37 and 
0.20, respectively. Scale efficiency, calculated by summing the input coefficients, is found to be 
approximately 1.34. This suggests that oyster producers using enclosed culture methods exhibit 
increasing returns to scale. None of the inputs included in this model significantly explain output 
for oyster producers that use bottom planting. This is not overly surprising given that these 
estimates are based on a fairly small sample of 14 observations from five farms. Labor and seed 
are found to be significant inputs for producers using hybrid techniques, with output elasticities 
for the inputs being approximately 0.79 and 0.32, respectively. This hybrid methodology, like 
enclosed culture, exhibits increasing returns to scale, with a scale efficiency of about 1.24. The 
estimate for the time coefficient is significant, indicating that there are significant differences in 
inefficiency between the periods included in this analysis. The value of 𝛾 is found to be 0.879, 
suggesting that while both noise and inefficiency are important in explaining deviations from the 
production function, inefficiency is the more dominant of the two effects. 
Our next step in this analysis was to examine the causes of inefficiency within the oyster 
industry in more detail. In order to accomplish this, we employed the inefficiency effects frontier 
model described by Battese & Coelli (1995). We included the same set of input variables, but 
also specified a number of additional variables to help explain the inefficiency component of the 
previous model. The factors that were hypothesized to influence inefficiency included whether 
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the grower raises multiple species in their operation, the years of experience that each grower has 
producing oysters, whether the grower is or has been a commercial fisherman, the level of 
education attained by the grower, whether the grower is a full-time aquaculturists, whether the 
grower owns a grading machine, whether a grower is located in Maine and the level of social 
networking the grower engages in with fellow oyster producers. The inefficiency component of 
the model is identified below:  
 
𝑈𝑖
𝑡 = 𝛿1𝑂𝑆𝑖
𝑡 + 𝛿2𝐸𝑋𝑃𝑖
𝑡 + 𝛿3𝐶𝐹𝑖
𝑡  +𝛿4𝐻𝑆𝑖
𝑡 + 𝛿5𝐺𝐷𝑖
𝑡 + 𝛿6(𝐺𝐷𝑖
𝑡 ∗ 𝑀𝐸𝑖
𝑡) + 𝛿7𝐹𝑇𝑂𝑖
𝑡
+ 𝛿8(𝐹𝑇𝑂𝑖
𝑡 ∗ 𝐺𝐷𝑖
𝑡) + 𝛿9𝐺𝑀𝑖
𝑡 + 𝛿10𝑀𝐸𝑖
𝑡 + 𝛿11(𝑀𝐴𝑆𝑆𝑖
𝑡 ∗ 𝑆𝑁𝑖
𝑡)
+ 𝛿12(𝑀𝐸𝑖
𝑡 ∗ 𝑆𝑁𝑖
𝑡) + 𝑊𝑖
𝑡 
 
A summary of the results from this error effects frontier model is presented in Table 3.5. We 
once again find significant differences in the distribution of efficiency scores on an annual basis, 
suggesting that mean efficiency is significantly increasing between 2013-2015. Parameter 
estimates from this model are presented in Table 3.6. 
 
Table 3.5. Error Effects Frontier Model Summary and Efficiency Estimates 
Model Summary 
Number of Operations 55 
Years of Production Data 3 
Total Observations 149 
Missing from Panel 16 
    
Efficiency Estimates 2013 2014 2015 
Annual Mean Efficiency 0.4727 0.5147 0.5734 
Overall Mean Efficiency                          0.5213 
 
(3.7) 
  
 
 
 
 48 
The output elasticity estimates for each input are mostly consistent with the previous 
model. The magnitudes of estimates for inputs to enclosed culture have changed somewhat, 
although this method still exhibits increasing returns to scale. Specifically, the output elasticity 
for labor has been reduced, while estimates for both seed and capital have increased. We also 
now find a significant positive intercept for bottom planting, indicating that this technology is 
significantly more productive than the other production processes included in our sample. We  
also find a positive estimate for labor in bottom planting, which larger in magnitude than for any 
other production method, and is significant at the 10% level. This is an interesting finding, as 
bottom planting tends to be generally less labor intensive as compared to enclosed culture 
techniques (Morse, n.d.). Another difference is the capital cost estimate for hybrid culture. This 
estimate was negative in both models, but is significant at the 10% level in the error effects 
frontier model. We feel that this finding may be the result of the small sample size of growers 
using hybrid culture, rather than capital expenditures truly exhibiting a negative relationship with 
oyster output. It is likely that some growers are reporting relatively higher capital costs, 
compared with other growers in the sample, and that this is skewing the output elasticity 
estimate. There were a wide range of capital costs reported in our sample, and this variable did 
exhibit a positive skew. In the future it would be helpful to ask growers about specific capital 
expenditures, as this might give a better idea of the true value of total capital costs, and allow us 
to quantify which expenditures are most significant to oyster production. Plots that depict the 
spread of efficiency estimates associated with each production method are given in Figure 3.1. 
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Table 3.6. Inefficiency Effects Frontier Model 
Variable Parameter Estimate SE 
Enclosed Culture Estimates    
Intercept 𝛽0 0.6967 0.8737 
Area dedicated to oyster production (acres) 𝛽3 -0.0012 0.0778 
Annual labor (hours) 𝛽4 0.3416*** 0.0950 
Annual seed used (pieces) 𝛽5 0.4939*** 0.0579 
Annual expenditures on machinery and 
equipment (including depreciation) 
𝛽6 0.2931*** 0.0565 
Bottom Planting Estimates    
Intercept 𝛽1 5.6626*** 1.8259 
Area dedicated to oyster production (acres) 𝛽7 -0.0168 0.1640 
Annual labor (hours) 𝛽8 0.9461* 0.5043 
Annual seed used (pieces) 𝛽9 0.0692 0.3274 
Annual expenditures on machinery and 
equipment (including depreciation) 
𝛽10 -0.1233 0.1595 
Hybrid Culture Estimates    
Intercept 𝛽2 1.6552 1.3117 
Area dedicated to oyster production (acres) 𝛽11 0.0584 0.1675 
Annual labor (hours) 𝛽12 0.7275*** 0.1513 
Annual seed used (pieces) 𝛽13 0.4760*** 0.1684 
Annual expenditures on machinery and 
equipment (including depreciation) 
𝛽14 -0.1217* 0.0700 
Inefficiency Component (𝑼𝒊)    
Grower raises other species (dummy) 𝛿1 1.0918* 0.5639 
Years farm has been in operation 𝛿2 -0.0679 0.0430 
Commercial fishing experience (dummy) 𝛿3 0.4836 0.5408 
High school education (dummy) 𝛿4 -1.4374 1.0496 
Graduate degree (dummy) 𝛿5 0.1480 0.6678 
Graduate degree in Maine (interaction) 𝛿6 5.8315** 2.8680 
Grower is full-time (dummy) 𝛿7 -1.1953* 0.7045 
Full-time graduate degree (interaction) 𝛿8 2.8329** 1.4362 
Grower owns grading machine (dummy) 𝛿9 -0.0619 0.4783 
Operation is located in Maine (dummy) 𝛿10 -8.0902* 4.7287 
Social network in Massachusetts 
(interaction) 
𝛿11 0.4354 0.3778 
Social network in Maine (interaction) 𝛿12 1.5586* 0.8303 
Variance Parameters    
Summed squared variances of noise and 
inefficiency components (𝑽𝒊 𝒂𝒏𝒅 𝑼𝒊) 
𝜎2 1.7046*** 0.5245 
Importance of inefficiency term ( 
𝝈𝒖
𝟐
𝝈𝟐
 ) 𝛾 0.9774*** 0.0141 
***, **, and * indicate significance at the 1%, 5% and 10% levels, respectively 
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Figure 3.1. Production Efficiency Estimates by Growing Method 
 
The results of the inefficiency component of this second model are quite interesting. The 
inefficiency component of this model explains over 97% of the departures from the estimated 
production frontier, which is even greater than in the previous model. Again this suggests 
inefficiency is a much more dominant effect as compared to stochastic shocks to production. We 
find a significant positive coefficient for the variable which indicates whether a grower raises 
more than one species in their operation. This indicates that New England oyster growers who 
have diversified their aquaculture operations are less efficient than those who specialize in 
oysters. This result is fairly intuitive, as specialization should be expected to reduce inefficiency 
in any operation. This is also consistent with the findings of previous work in the field of 
aquaculture production efficiency. Asche et al. (2013) found that producers raising both salmon 
and trout exhibited significantly higher inefficiency than producers that specialized in either 
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species. It is possible that growers who raise multiple species are using some of the inputs from 
their oyster operation in producing these other species, and thus their operation may be operating 
more efficiently when considering their entire production process. It is also possible that these 
other species are more valuable than oysters, and thus these producers are increasing their profits 
through diversification, though they may be sacrificing some technical efficiency. These are 
interesting considerations, although they are beyond the scope of the current study.  
Additionally, we find that owning a grading machine does not appear to significantly 
reduce inefficiency in production. This is somewhat surprising, given that this machine is 
capable of sorting oysters based on their size, and thus eliminating much of the labor required to 
produce oysters (Morse, n.d.). However, these machines are quite expensive, so it would be 
expected that this reduction in labor would require increased capital costs. Still it is unlikely that 
growers would invest thousands in this piece of machinery if they did not expect that it was 
beneficial to their operations. It could be that this piece of equipment allows growers to improve 
the quality and consistency of their product, by allowing them to easily sort oysters into different 
size classes. Thus a grading machine might increase revenues without impacting production 
efficiency. 
 Next we consider the impact of education level and employment type on inefficiency. 
Most of the growers in our sample are college educated, so we were interested to test whether 
differences in inefficiency existed between these producers and those who had only attended 
high school, or had earned a graduate degree. This comparison was made by including two 
dummy variables to indicate those education levels. Upon finding significantly higher 
inefficiency among graduate degree holders, we wanted to determine whether this holds true for 
the entire sample, or if the relationship is unique to Maine. Interacting the Maine and graduate 
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degree indicators reveals that this phenomenon is exclusive to Maine. Our results also indicate 
that full-time growers are significantly less inefficient than part-time growers. This result is 
intuitive, as we would expect that those devoting all of their attention to raising oysters would be 
relatively more efficient than growers with other work obligations. However, we were curious 
whether some of the graduate degree holding growers in our sample were operating their oyster 
businesses on a part-time basis, in addition to their main profession. We hypothesized that this 
might explain their relative inefficiency, as compared to less educated growers. In order to test 
this, we interacted our full-time and graduate degree indicator variables. What we found was that 
full-time oyster producers that have a graduate degree actually exhibit significantly higher 
inefficiency compared with full-time growers that do not hold advanced degrees. This might be 
explained by the graduate degree holders having less experience working on the water as 
compared to growers who spent less time in school. We tried to minimize this effect by including 
both oyster growing and commercial fishing experience as variables in the inefficiency model. 
Although neither of these are statistically significant, they capture the impact that these factors 
have on inefficiency in production. Again it is possible that the production decisions of these 
graduate degree holding growers motivated by maximizing some other measure of economic 
success, such as total profits, rather than productive efficiency. 
The error effects model also suggests that growers located in Maine tend to exhibit less 
inefficiency than those located in Massachusetts. This could suggest that there are generally 
more favorable oyster growing conditions in Maine, allowing for greater production capacity 
with fewer inputs. This finding could also indicate that growers in Maine are utilizing more 
efficient production techniques or practices versus those located in Massachusetts. It should be 
reiterated here that the Maine subsample is fairly small, and thus it is difficult to draw general 
  
 
 
 
 53 
conclusions about relative efficiency based on a small number of Maine-based operations. Plots 
showing the spread of efficiency scores by state are given in Figure 3.2. We also chose to 
interact the social networking measure with state indicator variables. This allows us to determine 
the influence that social networking has on inefficiency in each state, and also accounts for the 
fact that this question was formatted somewhat differently on the surveys sent to Maine and 
Massachusetts. We find evidence that oyster producers located in Maine with a relatively number 
of contacts within the industry tend to exhibit higher inefficiency versus those that are less 
communicative with other growers. Upon further investigation, we found that producers that 
were listed by other growers tended to have smaller operations as compared to those that were 
not listed as contacts. Thus we hypothesize that it is the smaller, less efficient producers that tend 
to seek guidance from other industry members, while more efficient operators do not feel to 
communicate with the rest of the industry. These efficient growers might be more hesitant to 
share their valuable experience and trade secrets with their competition. It could also be that 
more efficient growers do communicate with other members of the community, but do so in 
confidence, such that the recipients of this information did not feel comfortable disclosing their 
contacts to researchers. 
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Figure 3.2. Production Efficiency Estimates by State 
 
3.6. Conclusions 
 This analysis has provided some important information on the performance of New 
England’s oyster aquaculture industry from a productive efficiency standpoint. Our results 
indicate that, while there is significant room for improvement, the industry’s mean efficiency has 
been increasing annually from 2013-2015. It also appears that bottom planting is a relatively 
more efficient method for producing oysters as compared to enclosed culture or hybrid methods. 
However, there were relatively few producers in our sample employing strictly bottom planting 
techniques. It would be helpful to collect a more balanced sample in the future, in order to make 
the direct comparison between bottom planting and enclosed culture techniques more 
meaningful. Additionally, the definition of enclosed culture used in this study encompasses a 
variety of specific oyster raising techniques, including the use of floating cages, bottom cages, 
longline systems, rack and bag systems, and other methods that utilize any form of enclosing 
technology. Unfortunately, we were not able to get a large enough sample of producers using 
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each of these specific methodologies to make meaningful efficiency comparisons. These 
comparisons may become possible in the future, assuming the region’s oyster industry continues 
to grow. Our findings also suggest that Maine’s oyster producers exhibit relatively less 
inefficiency compared to those located in Massachusetts. However, this comparison is based on a 
relatively small number of producers in each state, and that must be taken into consideration 
when interpreting this result. 
 Findings from both of our stochastic frontier models indicate that inefficiency plays a 
very important role in determining oyster output. In both cases, inefficiency was found to 
account for the vast majority of deviations from the estimated production frontier, while the 
effect of stochastic shocks to production was much smaller. This implies that the New England’s 
oyster aquaculture industry stands to benefit significantly from reducing inefficiency in their 
oyster production. The industry appears to be doing just that, as average has increased over the 
past few years. It also is important to recognize that these results pertain to production efficiency, 
i.e. producing the maximum amount of oysters given a certain set of inputs. It is likely that some 
oyster producers are also seeking to maximize other measures of economic success, such as 
profitability. Future research should be dedicated to examining determinants of profitability in 
this industry. However, our experience has revealed that performing this type of profitability 
analysis can prove very challenging, given that it requires access to sensitive financial 
information. 
 This study has provided rare insight into an aquaculture industry that has not received 
much attention from the field of economics. Our findings have important policy implications, 
and will enable both policymakers and outreach specialists to make more informed decisions 
concerning New England’s oyster aquaculture industry. This type of research is more important 
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today than ever before, as aquaculture has become an increasingly important food source for the 
global population (FAO, 2016). Examining production efficiency can provide insights that lead 
to better decisions by aquaculture producers. Greater efficiency in aquaculture can lead to more 
high quality food being available, and to economic success in the coastal communities that 
support aquaculture. The methods outlined in this paper can also be applied to study the 
production of any aquacultured species, from finfish to sea-vegetables. This is especially 
important in cases where multiple production methods are employed, since productivity analysis 
can reveal the advantages of one method over another in terms of efficiency. Our findings also 
illustrate the importance of examining productivity within an aquaculture industry over time. 
This type of longitudinal study can reveal important changes or trends in production efficiency 
which may not be apparent from a periodic evaluations of an industry (Iliyasu et al. 2014). As 
global aquaculture continues to expand, fish production will become an increasingly important 
part of the global economy. Thus is imperative that research efforts continue to evaluate 
efficiency in aquaculture industries, in order to ensure that these industries remain economically 
viable for future generations.  
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CHAPTER 4 
CONCLUDING REMARKS 
 
The preceding analyses revealed several interesting findings regarding the price 
interactions of domestic and foreign aquaculture products. We have seen that domestic catfish do 
appear to compete in the same market as imported catfish, with prices of foreign products 
influencing the prices received by domestic producers and processors. Targeted tariffs can be 
effective at eliminating these price relationships, but are only appropriate when foreign products 
are being sold below fair market value. Domestic catfish producers still face competition from 
producers located in countries that are not subject to these tariffs. If they cannot compete with 
foreign producers on a price basis, domestic producers should focus on differentiating their 
products from foreign products in terms of quality, freshness or as local food. This can help 
domestic producers to obtain price premiums for their products. Improving the efficiency of their 
production process is another way that domestic producers could increase their competitiveness.  
While a productivity analysis of the catfish industry is beyond the scope of this chapter, such an 
analysis was performed for a different industry in the following section of this work. 
Productive efficiency was evaluated for the first time in New England’s oyster 
aquaculture industry. Our examination of this industry revealed that inefficiency plays an 
important role in this industry, and that there are a variety of factors that lead to inefficiency. 
However, our findings also suggest that productive efficiency is improving annually as this 
relatively young industry continues to mature. Additionally, this analysis suggests that bottom 
planting, which is a relatively simple oyster production method, is more efficient as compared to 
more capital intensive methods. This information has implications for individual oyster growers, 
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industry stakeholders, policymakers and outreach specialists. While this project focused on 
productive efficiency, it would also be interesting and very practical to examine profitability in 
this industry. This was one of the initial goals of the project, but it proved to be a challenge. Such 
an analysis requires collecting sensitive financial information from a large number of operations. 
This undertaking may become more feasible as the industry continues to grow in the New 
England area, and as SEANET continues to build relationships with the aquaculture community. 
While this work has provided some important information regarding price interactions 
among aquaculture products and the production of these products, it is important to note that 
there is still much that is unknown about the supply of marine aquaculture products. As 
mentioned earlier, this industry has just begun to be evaluated by economists. The SEANET 
program has provided an opportunity for substantial research efforts to be dedicated to this 
important topic, and work in this area is ongoing. Continued evaluation of this industry by not 
only economists, but researchers of all backgrounds, will be necessary in order to foster a better 
understanding of the future of aquaculture in coastal waters. 
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APPENDIX 
 
FULL VECTOR ERROR CORRECTION MODEL RESULTS AND IMPULSE 
RESPONSE GRAPHS FROM CHAPTER 1 
 
 
Table A.1. Full VECM Results, Sample Period: January 1986 – June 2003 
Error Correction: D(DOM_P) D(FARM_P) D(IMP_P) 
CointEq1 -0.0022 -0.0010 -0.2835** 
  (0.0027)  (0.001)  (0.0405) 
    
D(DOM_P(-1)) -0.0052  0.1018*  0.1929 
  (0.0845)  (0.0444)  (1.2693) 
    
D(DOM_P(-2))  0.0327  0.0673  0.4447 
  (0.0783)  (0.0412)  (1.1772) 
    
D(FARM_P(-1))  1.2034**  0.6119**  1.7123 
  (0.1516)  (0.0798)  (2.2784) 
    
D(FARM_P(-2)) -0.1377 -0.4227** -3.0258 
  (0.1715)  (0.0902)  (2.5773) 
    
D(IMP_P(-1))  0.0059  0.0046 -0.1292 
  (0.0063)  (0.0033)  (0.0952) 
    
D(IMP_P(-2))  0.0047  0.0035 -0.0500 
  (0.0047)  (0.0025)  (0.0709) 
    
Constant -0.0005 -0.0004  0.0029** 
  (0.0019)  (0.0010)  (0.0289) 
Note: * and ** indicate significance at the 5% and 1% levels, respectively. 
Standard errors are reported in parentheses 
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Table A.2. Full VECM Results, Sample Period: July 2003 – February 2013 
Error Correction: D(DOM_P) D(FARM_P) D(ROW_P) D(V_P) 
Cointegrating  0.0043  0.0104* -0.2183**  0.0228 
Equation   (0.0119)  (0.0040)  (0.0344)  (0.0266) 
     
D(DOM_P(-1)) -0.0536  0.0580 -1.0201**  0.1335 
  (0.1105)  (0.0374)  (0.3187)  (0.2469) 
     
D(DOM_P(-2))  0.0425  0.0415 -0.9625** -0.0951 
  (0.1090)  (0.0369)  (0.3145)  (0.2437) 
     
D(FARM_P(-1))  2.2960**  0.6547**  2.7832**  0.8174 
  (0.3121)  (0.1057)  (0.9005)  (0.6977) 
     
D(FARM_P(-2))  0.0639 -0.0363  0.8142  0.2031 
  (0.3756)  (0.1272)  (1.0836)  (0.8395) 
     
D(ROW_P(-1))  0.0225  0.0177  0.0673  0.0705 
  (0.0285)  (0.0096)  (0.0821)  (0.0636) 
     
D(ROW_P(-2)) -0.0307  0.0006  0.0974 -0.0504 
  (0.0277)  (0.0094)  (0.0798)  (0.0618) 
     
D(V_P(-1))  0.0116  0.0026 -0.1712 -0.3397** 
  (0.0439)  (0.0149)  (0.1266)  (0.0981) 
     
D(V_P(-2))  0.0048 -0.0170 -0.4422**  0.0053 
  (0.0430)  (0.0146)  (0.1240)  (0.0961) 
     
Constant  0.0035  0.0002  0.0101  8.27E-05 
  (0.0050)  (0.0017)  (0.0143)  (0.0111) 
Note: * and ** indicate significance at the 5% and 1% levels, respectively. 
Standard errors are reported in parentheses 
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Figure A.1. VECM Impulse Responses: January 1986 – June 2003 
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Figure A.2. VECM Impulse Responses: July 2003 – February 2013 
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Figure A.2. VECM Impulse Responses: July 2003 – February 2013 (continued) 
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Figure A.3. VECM Impulse Responses: March 1995 – June 2003 
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Figure A.4. VAR Impulse Responses July 2003 - February 2013 
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